Trappanese DM, Sivilich S, Ets HK, Kako F, Autieri MV, Moreland RS. Regulation of mitogen-activated protein kinase by protein kinase C and mitogen-activated protein kinase phosphatase-1 in vascular smooth muscle. Am J Physiol Cell Physiol 310: C921-C930, 2016. First published April 6, 2016; doi:10.1152/ajpcell.00311.2015.-Vascular smooth muscle contraction is primarily regulated by phosphorylation of myosin light chain. There are also modulatory pathways that control the final level of force development. We tested the hypothesis that protein kinase C (PKC) and mitogen-activated protein (MAP) kinase modulate vascular smooth muscle activity via effects on MAP kinase phosphatase-1 (MKP-1). Swine carotid arteries were mounted for isometric force recording and subjected to histamine stimulation in the presence and absence of inhibitors of PKC [bisindolylmaleimide-1 (Bis)], MAP kinase kinase (MEK) (U0126), and MKP-1 (sanguinarine) and flash frozen for measurement of MAP kinase, PKC-potentiated myosin phosphatase inhibitor 17 (CPI-17), and caldesmon phosphorylation levels. CPI-17 was phosphorylated in response to histamine and was inhibited in the presence of Bis. Caldesmon phosphorylation levels increased in response to histamine stimulation and were decreased in response to MEK inhibition but were not affected by the addition of Bis. Inhibition of PKC significantly increased p42 MAP kinase, but not p44 MAP kinase. Inhibition of MEK with U0126 inhibited both p42 and p44 MAP kinase activity. Inhibition of MKP-1 with sanguinarine blocked the Bis-dependent increase of MAP kinase activity. Sanguinarine alone increased MAP kinase activity due to its effects on MKP-1. Sanguinarine increased MKP-1 phosphorylation, which was inhibited by inhibition of MAP kinase. This suggests that MAP kinase has a negative feedback role in inhibiting MKP-1 activity. Therefore, PKC catalyzes MKP-1 phosphorylation, which is reversed by MAP kinase. Thus the fine tuning of vascular contraction is due to the concerted effort of PKC, MAP kinase, and MKP-1.
bisindolylmaleimide-1; U0126; sanguinarine; caldesmon; CPI-17; phos-tag gel electrophoresis EXTRACELLULAR SIGNAL-REGULATED kinase 1/2 mitogen-activated protein kinase (MAP kinase; also known as p42/p44 MAP kinase) is a serine/threonine protein kinase that has been identified in several types of smooth muscle (7, 10, 19) . MAP kinase is activated via dual phosphorylation of Thr 187 and Tyr 185 catalyzed by MAP kinase kinase (MEK) and has been shown to play a significant role in activating several proteins required for cell growth in proliferating dedifferentiated smooth muscle cells (24, 26) . However, the role of MAP kinase in differentiated, contractile smooth muscle cells is not as well understood.
In differentiated smooth muscle, it has been suggested that MAP kinase may be involved in calcium-independent regulation of smooth muscle contraction (17) . MAP kinase has been shown to phosphorylate the thin filament protein caldesmon and relieve its inhibitory action on the actin-activated myosin ATPase, thus increasing the affinity between myosin and actin and cross-bridge cycling (1, 10, 23, 11, 23, 34) . Moreover, MAP kinase is thought to participate in calcium sensitization pathways of smooth muscle contraction (61) . Before the development of MEK inhibitors, tyrosine kinase inhibitors have been utilized to study the effect of inhibition of tyrosine kinase inhibition on vascular contraction as MAP kinase activation involves tyrosine phosphorylation (60) . Studies using tyrosine kinase inhibitors have been shown to have no significant effect on depolarization-induced contractions that rely on influx of extracellular calcium (8) . In contrast, tyrosine kinase inhibitors induce relaxation in calcium-stimulated ␣-toxin-permeabilized tissues (13, 50) . Thus MAP kinase may have a role in regulating smooth muscle contraction in a calcium-independent manner or by increasing the contractile filament's sensitivity to calcium.
In addition to MAP kinase, protein kinase C (PKC) is an important kinase involved in increasing the contractile filament sensitivity to calcium. PKC inhibits myosin light chain phosphatase activity by activating PKC-potentiated myosin phosphatase inhibitor 17 (CPI-17), resulting in increased levels of myosin light chain phosphorylation (47, 62) . MAP kinase and its activator MEK have been shown to be activated via PKCmediated phosphorylation in various cell types (2, 21, 37, 43) . Furthermore, MAP kinase and PKC have been shown to translocate to the surface membrane upon phenylephrine-induced smooth muscle contraction (61) . MAP kinase then redistributes toward the contractile filaments during prolonged stimulation in aortic cells (27) . This redistribution toward the contractile filaments occurs in the absence of calcium and is prevented in the presence of PKC inhibitors (27) . Therefore, MAP kinase may be a downstream substrate of PKC and participate in regulating smooth muscle contraction.
In this study, we examined the relationship of MAP kinase and PKC in an intact preparation of vascular smooth muscle to delineate a link connecting the two signaling pathways at rest and during prolonged stimulation-induced contraction. We hypothesized that, upon prolonged stimulation, PKC phosphorylates and activates MAP kinase, which will lead to the phosphorylation of caldesmon and/or alterations in force development. Ultimately, we demonstrated that the relationship between MAP kinase and PKC is more complex than originally hypothesized as MAP kinase is not regulated by PKC through direct phosphorylation, rather PKC indirectly regulates MAP kinase activity via activation of MAP kinase phosphatase 1 (MKP-1, also known as dual-specificity protein phosphatase 1), a phosphatase that dephosphorylates tyrosine, serine, and threonine residues (40, 51) . MKP-1 is present in most cell types, but, important to this present study, it is expressed in arterial smooth muscle (2, 14, 15, 38) . Moreover, we also show a negative feedback regulatory mechanism between MAP ki- nase and MKP-1 that may serve to tightly regulate MAP kinase activity.
MATERIALS AND METHODS

Materials.
All reagents for solutions, unless otherwise specified, were purchased from Fisher Scientific (Pittsburgh, PA) and were of analytic grade or better. Histamine was purchased from SigmaAldrich (St. Louis, MO). All electrophoretic and blotting supplies were purchased from Bio-Rad (Hercules, CA).
Vascular preparation. Swine carotid arteries were obtained from a local slaughterhouse and transported in ice-cold physiological salt solution (PSS) containing the following (in mM): 140 NaCl, 4.7 KCl, 1.2 MgSO 4, 1.6 CaCl2, 1.2 Na2HPO4, 0.02 Na2-ethylenediaminetetraacetic acid (EDTA) and 2.3-(N-morpholino)propane sulfonic acid (pH 7.4). The arteries were cleaned of connective tissue and excess fat and stored in PSS (as described above) containing 5 mM D-glucose at 4°C. For all experiments, strips of the medial layer, which is predominantly smooth muscle cells, were used and obtained by removal of the intimal and adventitial layers. Arteries were never stored for more than 4 days at 4°C in PSS; viability and contractility of the arteries are not changed by this storage.
Isometric force recording. Intact medial strips of swine carotid artery were suspended between a Grass FT.03 force transducer and a stationary clip in water-jacketed organ baths. The strips were stretched to 5 g of force and allowed to stress-relax in PSS at 37°C and bubbled with 100% O 2 for at least 45 min. A passive force of ϳ10% of active force (ϳ1-1.5 g) was applied to all strips. This applied passive force sets the muscle at a length that approximates the length for the development of maximal active force. The strips were subjected to several 10-min exposures to a membrane depolarizing KCl PSS (KCl, equimolar substitution for NaCl) followed by relaxation in PSS. This contraction/relaxation cycle was continued until similar levels of maximal force production were attained. Following relaxation to baseline in PSS, the tissues were incubated with inhibitors of MEK (10 M U0126; EMD Chemicals, Billerica, MA), PKC [3 M bisindolylmaleimide-1 (Bis); EMD Chemicals], or MKP-1 30 M sanguinarine (Tocris, Minneapolis, MN) for 30 min. The tissues were then maximally stimulated with 10 M histamine (Sigma-Aldrich) for 60 min, unless noted otherwise. For immunoblots, the tissues were snap frozen using a 6% trichloroacetic acid-acetone-dry ice slurry containing 10 mM DTT. The strips were allowed to slowly thaw to room temperature, homogenized in a 1% SDS, 10% glycerol, and 50 mM Tris·HCl, pH 6.8, homogenization buffer using glass-glass homogenizers and assayed for protein concentration. For immunohistochemistry, tissues were carefully placed in 10% formalin overnight and then dehydrated in 70% ethanol. The tissues were gently handled by the ends to minimize alterations in signaling mechanisms due to mechanical stress of the forceps.
Immunoblots for MAP kinase, CPI-17, MKP-1, and Ser 789 -caldesmon phosphorylation. Twenty to forty micrograms of the tissue lysates were subjected to SDS-PAGE and transferred to a nitrocellulose membrane at 100 V for 1 h and 15 min at 4°C, as previously described in detail (56, 57) . Briefly, the membranes were blocked and then incubated in primary antibodies against active, phosphorylated MAP kinase (1:5,000, Promega, Madison, WI) and total p42/p44 MAP kinase (1:1,000, Millipore, Billerica, MA); Thr 38 -phosphorylated CPI-17 (1:100, Santa Cruz Biotechnology, Santa Cruz, CA) and total CPI-17 (1:400, Santa Cruz Biotechnology); Ser 359 -MKP-1 phosphorylation (1:1,000, Abcam, Cambridge, MA) and total MKP-1 (1:1,000, Abcam); or Ser 789 -caldesmon phosphorylation (1:1,000, Millipore) and total caldesmon (1:5,000, Sigma-Aldrich) overnight at 4°C. The membranes probed with the above antibodies, except phosphorylated and total MKP-1, were washed followed by incubation in anti-mouse 800cw and anti-rabbit 680 fluorescent secondary antibodies (1:10,000; Li-Cor, Lincoln, NE) for 45 min at room temperature. The washes were repeated, and the membranes were imaged and quantified using an Odyssey Infrared Imager and Odyssey analysis software. Phosphorylated MKP-1 blots were washed and incubated in mouse anti-rabbit IgG-horseradish peroxidase (1:1,000, Santa Cruz, Santa Cruz, CA). The blots were stripped, reprobed using the total MKP-1 antibody listed above, and then incubated in donkey-anti-goat IgG-horseradish peroxidase (1:1,000, Santa Cruz, Santa Cruz, CA). Membranes were visualized using Forte ECL (Millipore), imaged with a FluorChem M FM0501 imager, and quantified using ImageJ software.
Phos-tag SDS-PAGE for total caldesmon phosphorylation. Samples were loaded onto a 2.7% polyacrylamide separating gel containing 100 M Phos-tag, 100 M MnCl 2, and strengthened with 0.5% Seakem Gold agarose (30, 31) . Following electrophoresis, the gels were washed in an EDTA solution for 20 min, followed by 20 min in an EDTA-free solution. The proteins were transferred to a polyvinylidene difluoride membrane and then blocked and incubated with antibodies against Ser 789 -caldesmon phosphorylation and total caldesmon for 2 h at room temperature. The membranes were washed and then incubated with anti-mouse and anti-rabbit fluorescent secondary antibodies (Li-Cor) for 45 min at room temperature. The washes were repeated, and the membranes scanned using an Odyssey Infrared Imager. As control, gels were run in the absence of 100 M MnCl 2 in the separating gel, as this is a necessary component to induce the mobility shift of the phosphorylated from the nonphosphorylated proteins. When a 2.7% polyacrylamide gel was used without MnCl 2, caldesmon ran off the gel; therefore, a 5% polyacrylamide gel was used. Quantification of the bands was performed using the Odyssey Analysis program. The ratio of phosphorylated caldesmon to total caldesmon, followed by normalization to basal values was used to calculate caldesmon phosphorylation levels. Only the total caldesmon antibody was used for the analysis; the site-specific phospho-Ser antibody was used only as a control to ensure there was complete separation of the phosphorylated from unphosphorylated caldesmon.
Immunohistochemistry of phosphorylated MAP kinase. Immunohistochemistry was performed as previously described (48) . Briefly, fixed tissues were embedded in paraffin wax. Five-micrometer sections were cut and mounted onto slides. The slides were deparaffinized, and antigen unmasking with a citrate-based antigen unmasking solution (Vector Laboratories, Burlingame, CA) was performed. Nonspecific sites were blocked with 5% goat serum and then incubated in anti-active MAP kinase (1:250; Promega) in 1% BSA/PBS for 2 h. The slides were washed with PBS and then incubated in goat-anti-rabbit-biotin vector biotinylated antibody (BA-1000, 1:300, Vector Laboratories) for 30 min in 1% BSA/PBS. Endogenous peroxidases were inactivated with 30% hydrogen peroxide for 15 min and then washed with PBS. Antigen detection was performed with Vectastain avidin-biotin-peroxidase complex kit (Vector Laboratories) as per manufacturer's instructions and diaminobenzidine peroxidase substrate (Vector Laboratories) as per manufacturer's instructions. Slides were counterstained and mounted with Permount. Bright-field images were taken on an Olympus BX40 microscope using Spot imaging software.
Statistics. All values shown are means Ϯ SE. All "n" values are the number of experiments performed, each using tissues from a different artery. Statistical significance between two means was determined using the Student's t-test. Statistical significance with multiple comparisons was determined using Student's t-test with Bonferroni correction or one-way ANOVA.
RESULTS
MAP kinase activity was measured by examining dual phosphorylation of MAP kinase in intact medial strips of swine carotid artery at rest and when stimulated with histamine in the presence and absence of inhibitors of MEK (U0126) and/or PKC (Bis). Our laboratory has previously shown that there is a linear relationship between MAP kinase dual phosphorylation and MAP kinase activity, so, hence forth, we will refer to MAP kinase phosphorylation as MAP kinase activity (20) . Histamine is a classical and potent in vitro agonist of swine carotid arterial smooth muscle that stimulates receptor G protein-mediated mechanisms (59) and has been shown to be an activator of MAP kinase (1, 25) . As expected, histamine significantly increased p42/p44 MAP kinase activity above resting values (Fig. 1) . Figure 1A shows a representative Western blot of MAP kinase phosphorylation, and Fig. 1 , B and C, shows the quantitative results of several experiments. As expected, exposure to the MEK antagonist U0126 abolished basal and histamine-stimulated p42/p44 MAP kinase activity.
Interestingly, inhibition of PKC with Bis significantly increased basal and histamine-stimulated values of p42 MAP kinase activity (Fig. 1B) . Inhibition of PKC had no effect on either basal or histamine-stimulated levels of p44 MAP kinase activity as they remained elevated (Fig. 1C) . This result was unexpected, as PKC has been shown to regulate MAP kinase activity directly and activating kinases upstream of MAP kinase, resulting in the phosphorylation of Tyr 185 and Thr
189
, a requirement for MAP kinase activation (2, 37, 43) . The increase of active MAP kinase, which translocates to the nucleus when activated, in response to histamine activation, was not augmented in the presence of Bis, but abolished with U0126 (Fig. 1D) . To ensure that Bis was inhibiting PKC, we examined the phosphorylation of a known PKC substrate in vascular smooth muscle, CPI-17 (32) . CPI-17 phosphorylation was significantly increased in response to histamine stimulation and was significantly decreased in resting and histamine-stimulated tissues in the presence of Bis (Fig. 2) , demonstrating that Bis inhibited PKC. Thus increases in MAP kinase activity in response to inhibition of PKC were not caused by the inability of Bis to effectively inhibit PKC activity.
The augmentation of MAP kinase activity in the presence of Bis suggests that PKC may be indirectly regulating MAP kinase, perhaps via MKP-1. Therefore, we tested the hypothesis that inhibition of MKP-1 would block the Bis-induced increase in MAP kinase activity. We used the MKP-1 inhibitor sanguinarine to pursue this hypothesis. Figure 3 shows the results of the effect of inhibition of MKP-1 on histamine-and histamine plus Bis-induced increases in p42/p44 MAP kinase activity. Figure 3A shows a representative blot of the effects of sanguinarine on histamine and histamine plus Bis on p42/p44 MAP kinase activity. Figure 3B shows the quantitative results of several such blots. The results in Fig. 3B , left, show the effect of sanguinarine on Bis, histamine, and Bis plus histamine, normalized to basal values in the absence of sanguinarine (compared with Fig. 1B) . Sanguinarine blocked the increase in MAP kinase activity following the addition of Bis, histamine, or Bis plus histamine. Figure 3B , right, shows the effect of sanguinarine not normalized to basal values but normalized to the true basal values of MAP kinase activity in the presence of sanguinarine. Figure 3B , right, is shown to demonstrate that sanguinarine increases MAP kinase activity via inhibition of MKP-1 activity. This increase is also observed by immunohistochemistry, and no additional increase with exposure to histamine with or without Bis was observed (Fig.  3C) . The finding that sanguinarine increases basal values of MAP kinase activity demonstrates that sanguinarine is indeed inhibiting MKP-1 activity.
MKP-1 phosphorylation stabilizes and enhances MKP-1 activity (35) . Figure 4 shows MKP-1 phosphorylation at Ser 359 in response to histamine and histamine plus Bis in the absence and presence of sanguinarine. Neither histamine nor histamine plus Bis increased MKP-1 phosphorylation levels, suggesting that histamine-and Bis-dependent increases in MAP kinase activity are not the result of direct PKC-catalyzed MKP-1 phosphorylation. On the other hand, histamine, Bis, and histamine plus Bis significantly increased MKP-1 phosphorylation levels in the presence of sanguinarine. Therefore, inhibition of MKP-1 increased histamine-induced MKP-1 phosphorylation levels.
MAP kinase has been suggested to phosphorylate MKP-1 to keep MAP kinase activity from increasing to very high levels and initiating cellular damage (6, 35, 46, 55) . To test if MKP-1 phosphorylation is catalyzed by MAP kinase, we measured MKP-1 phosphorylation in response to Bis, histamine, and histamine plus Bis in the presence of sanguinarine and in the absence or presence of the MEK inhibitor, U0126. Figure 4A shows representative blots of the effects of sanguinarine on Bis, histamine, and Bis plus histamine on MKP-1 phosphorylation. Figure 4B shows the quantitative results of several such blots. Figure 4B , middle and right, shows that inhibition of MEK with U0126 completely abolished MKP-1 phosphorylation and, in fact, when stimulated with histamine plus Bis, decreased MKP-1 phosphorylation levels below basal values. This suggests that MAP kinase catalyzes MKP-1 phosphorylation in the presence of the inhibitor of MKP-1.
Caldesmon is a known substrate for MAP kinase (1, 20, 42, 56) . We determined caldesmon phosphorylation levels at Ser 789 , the site catalyzed by MAP kinase. Figure 5 shows the caldesmon phosphorylation levels at rest and in response to histamine in the absence and presence of the MEK inhibitor U0126, Bis, and U0126 plus Bis. Histamine significantly increased Ser 789 phosphorylation, as expected. Inhibition of MEK with U0126 reduced Ser 789 -caldesmon phosphorylation levels in resting and stimulated tissues. Inhibition of PKC with Bis had no effect on Ser 789 -caldesmon phosphorylation. 789 phosphorylation, whether used alone or in conjunction with Bis; Bis alone had no effect. Values are means Ϯ SE for at least 4 determinations. Significance from *basal, no inhibitor, and **histamine, no inhibitor: P Յ 0.01. Statistics were determined by Student's t-test with Bonferroni correction.
Our laboratory and others have presented evidence to suggest that caldesmon is phosphorylated in tissue by at least two kinases. These kinases are most likely MAP kinase and PKC (20, 33, 56) . We optimized a recently developed electrophoretic technique that separates phosphorylated from nonphosphorylated proteins, Phos-tag SDS gel electrophoresis, for quantitation of total caldesmon phosphorylation levels (5, 30, 31) . Figure 6A shows a representative blot of caldesmon phosphorylation using the Phos-tag technique. As shown in Fig. 6B , inhibition of MEK with U0126 significantly reduced basal values of total caldesmon phosphorylation; inhibition of PKC with Bis had no effect. Also shown in Fig. 6B , histamine significantly increased total caldesmon phosphorylation, which is reduced to basal values in the presence of U0126. Surprisingly, neither Bis alone nor Bis plus U0126 reduced total caldesmon phosphorylation. As a control, Fig. 6C shows the lack of separation of phosphorylated from nonphosphorylated species when MnCl 2 is omitted from the gel. MnCl 2 is required for Phos-tag to bind to the phosphorylated protein and separate it from the unphosphorylated protein.
DISCUSSION
Cellular signaling in smooth muscle is a complex series of steps required for basal levels of tone and stimulation-induced contraction in the differentiated contractile phenotype and for secretory and migratory functions in the noncontractile de-differentiated phenotype (18, 28, 36, 54, 63) . In this study, we focused on the relationship(s) among PKC, MAP kinase, and MKP-1 in the differentiated, contractile phenotype of vascular smooth muscle. We initially obtained the surprising finding that inhibition of PKC significantly increased basal and stimulated values of p42 but not p44 MAP kinase phosphorylation (Fig. 1) and, henceforth, activity, as we have previously shown that a linear relationship exists between MAP kinase dual phosphorylation and MAP kinase phosphotransferase activity in the swine carotid artery (20) . This finding led us to hypothesize that the simplest explanation for an increase in MAP kinase activity following inhibition of PKC was a direct or indirect effect of PKC on MKP-1 (49, 52) . Any signaling protein that inhibited MKP-1 activity would result in an increase in MAP kinase activity. Therefore, the major novel findings presented in this study are as follows: 1) inhibition of PKC increases p42 MAP kinase activity and does not alter p44 MAP kinase activity; 2) increases in MAP kinase activity via inhibition of PKC are abolished with MKP-1 inhibition; 3) inhibition of MKP-1 increases MKP-1 phosphorylation, which is catalyzed by MAP kinase; and 4) caldesmon is most likely a downstream substrate of MAP kinase following inhibition of PKC. These interactions among PKC, MAP kinase, MKP-1, and caldesmon have, to the best of our knowledge, not been previously reported in smooth muscle and as such represent novel pathways in vascular smooth muscle in the contractile phenotype.
Our hypothesis that PKC activates a MKP-1, which would decrease MAP kinase phosphorylation and regulate MAP kinase activity in resting and stimulated tissues, has been shown in nonsmooth muscle tissues. Of the nine different mammalian MAP kinase phosphatases identified, MKP-1 has been the only one shown to be activated by PKC in macrophages and cardiac fibroblasts (49, 52) . Our interpretation of the results in the present study depends on the specificity of sanguinarine for MKP-1. Sanguinarine is a relatively specific inhibitor of . MAP kinase and PKC-dependent total caldesmon (CaD) phosphorylation in unstimulated and histamine-stimulated swine carotid artery. A: representative blots of total CaD phosphorylation measured using Phos-tag gel electrophoresis followed by Western blotting. B: quantitation of several such blots of unstimulated and histamine-stimulated total CaD phosphorylation in the absence or presence of MAP kinase inhibition with U0126 and/or PKC inhibition with Bis. The simultaneous addition of U0126 and Bis significantly decreased basal CaD phosphorylation in unstimulated tissues, but inhibition of either MAP kinase or PKC individually did not alter basal total CaD phosphorylation. Histamine-stimulated total CaD phosphorylation was significantly decreased when exposed to U0126 alone. The presence of Bis had no effect, whether used alone or in conjunction with U0126.
Values are means Ϯ SE for at least 4 determinations. Significance from *basal, no inhibitor, and **histamine, no inhibitor: P Յ 0.01. Statistics were determined by Student's t-test with Bonferroni correction. C: Phos-tag SDS-PAGE in the absence of MnCl2; no mobility shift was observed. Space between the samples on the blots indicates that the samples were run on the same gel but in a different order than presented.
MKP-1 (9, 53), but has also been suggested to inhibit the Na ϩ -K ϩ -ATPase (44) . We tested this possibility by subjecting the carotid arterial tissues to 10 M ouabain in the absence and presence of sanguinarine. Ouabain-induced contractions result from inhibition of the Na ϩ -K ϩ -ATPase, which inhibits the Na ϩ /Ca 2ϩ exchanger and increases cytosolic calcium (39). Sanguinarine did not decrease ouabain-induced contractions in our arterial tissues (data not shown). Rembold's laboratory (41) has suggested that ouabain-induced contractions are not a direct effect on the vascular smooth muscle cell but release of neurotransmitters from nerve endings within the tissue. We used tetrodotoxin to block nerves within our tissue and exposed the tissues to ouabain; tetrodotoxin did not alter the ouabain induced vascular contraction (data not shown). Therefore, we suggest that sanguinarine is an inhibitor of MKP-1 in our vascular preparation. This is supported by the fact that sanguinarine increased basal levels of MAP kinase activity (Fig. 3) .
One of the strongest pieces of information to support our hypothesis that PKC regulates MAP kinase activity via MKP-1 was shown in Fig. 3 . Inhibition of MKP-1 with sanguinarine almost completely abolished the increase in MAP kinase activity in the presence of the PKC inhibitor, Bis. This is what one would expect if the actions of PKC were via effects on MKP-1: blockade of MKP-1 would block the effect of Bis.
In the present study, we demonstrated that caldesmon is phosphorylated at Ser 789 at rest and in response to histamine; both states were sensitive to inhibition of MAP kinase. Inhibition of MKP-1 also increased MAP kinase catalyzed caldesmon phosphorylation, but the effect was modest (data not shown). Caldesmon's inhibitory actions can be reversed by phosphorylation at Ser 789 catalyzed by MAP kinase (1); therefore, caldesmon may be the downstream substrate for MAP kinase in this signaling pathway. Our laboratory has previously shown that knock-down of caldesmon in carotid arterial tissues results in a constitutively active muscle (16, 45) , so the precise regulation of MAP kinase activity may be important in regulating caldesmon's brake function to prevent contractions in the absence of a stimulus or in modulation of a pool of active but unphosphorylated myosin (22) .
In our opinion, one of the more interesting findings was MKP-1 phosphorylation catalyzed by MAP kinase. In the presence of sanguinarine, MKP-1 phosphorylation levels were significantly increased (Fig. 4) . This increase in phosphorylation was abolished in the presence of the MEK inhibitor, U0126. We propose that this is a negative feedback loop ensuring that MAP kinase activity does not increase unrestrained during conditions of MKP-1 inhibition. Due to the numerous actions that MAP kinase exerts on cellular signaling, the suggestion that MAP kinase can reduce its own activity by phosphorylation and activation of MKP-1 is appealing. Using human vascular smooth muscle cells, Kim et al. (29) showed that PKC-␣ inhibited MAP kinase activity by induction of MKP-1, results consistent with our findings where inhibition of PKC increased MAP kinase activity. In macrophages, it was suggested that MAP kinase phosphorylates and stabilizes MKP-1 (12) . A recent study used sanguinarine to inhibit MKP-1 and noted increased MAP kinase and JNK activity (4); a negative feedback pathway similar in effect to our MAP kinase catalyzed MKP-1 phosphorylation.
In summary, based on the findings in this study, we propose the model shown in Fig. 7 . Agonist stimulation of vascular smooth muscle increases PKC activity, which, in turn, increases MKP-1 activity and maintains MAP kinase activity at submaximal values. Inhibition of PKC decreases MKP-1 activity, resulting in enhanced p42 MAP kinase activity. Complete inhibition of MKP-1 results in increased MAP kinase activity, which, in turn, phosphorylates and increases MKP-1 activity, providing a negative feedback mechanism to ensure that MAP kinase does not increase in an unrestrained manner. Caldesmon is a likely downstream substrate for MAP kinase, reversing the inhibitory actions of caldesmon on actin-activated myosin ATPase activity and thus increasing contraction. Further studies are needed to determine whether PKC directly or indirectly regulates MKP-1 and whether downstream substrates, in addition to caldesmon, are involved.
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